ZrN is a possible candidate for the diluent material for the nitride fuels containing transuranium elements. Pellets of inert matrix material ZrN, and surrogate nitride fuel material (Dy 0.5 Zr 0.5 )N, are fabricated for the purpose of investigating crystal structure. Lattice parameters of (Dy 1-x Zr x )N followed the Vegards's low, in spite of large lattice mismatch (~ 7 %) between DyN and ZrN. Local structure analysis was performed by X-ray absorption fine structure and atomic pair-distribution function methods. Although lattice parameter of Dy 0.5 Zr 0.5 N is larger than that of ZrN, Zr-N nearest neighbor bond distance of Dy 0.5 Zr 0.5 N is shorter than that of ZrN. The complex local structure of DyN and ZrN is related to the preferable effect of ZrN.
INTRODUCTION
In the high-level radioactive wastes generated from the reprocessing of spent nuclear fuels, transuranium (TRU) elements such as Np, Am, and Cm are contained as well as the numerous fission products. They are called minor actinides (MAs).
Nitride is one of the potential chemical forms of the MA-bearing fuel because of its excellent thermal properties (high thermal conductivity and high melting point) and suitability for the hard neutron spectrum to achieve the efficient transmutation. Some transition metals or their mononitrides like TiN and ZrN are under consideration for the diluent. Especially, in ZrN, the fuel pellets are to be single-phase solid solution between ZrN and TRU nitrides [1] [2] [3] .
In JAEA, the subcritical core driven by a proton accelerator (accelerator-driven system, ADS) has been studied as a device for the transmutation [4] . However, many of the properties of TRU-ZrN solid solutions are still unknown. The influence of the diluent on these properties must be examined. Since the compounds of higher actinides such as Am and Cm often show lanthanide-like behaviors, it is useful to apply a lanthanide nitrides as an analogous material properties of TRU nitrides. DyN was chosen from its lattice parameter around 0.490 nm [5] , which lies among those of UN (0.4889 nm) [6] , NpN (0.4897 nm) [7] , PuN (0.4905 nm) [8] , AmN (0.4998 nm) [9] and CmN (0.5027 nm) [10] .
In this study, structure analysis of ZrN and Dy 0.5 Zr 0.5 N was performed. Although the lattice mismatch between DyN and ZrN (0.4567 nm) is large, lattice parameters of Dy 1-x Zr x N followed the Vegards's low. An internal lattice strain exists in Dy 1-x Zr x N, even if it is a single-phase solid solution. We performed both average and local structure analysis by synchrotron high-energy X-ray diffraction. Additionally, X-ray absorption spectroscopy was performed to obtain an electronic structure of these materials. The X-ray absorption fin structure (XAFS) is a powerful technique for resolving valence states. Local structure analysis was performed by combining XAFS and atomic pair-distribution function (PDF) technique [11] . PDF can bridge the average and local structures. ZrN was found to be a nearly perfect crystal from the view point of both long-and short-ranges order structures. Large internal strain of Dy 0.5 Zr 0.5 N was reduced by changing the Zr-N and Dy-N nearest neighbor bond distances from their original bond length. The electronic state was also changed as changing the nearest-neighbor bond length. This is a useful piece of information for understanding of the excellent thermal properties of TRU-ZrN solid solutions.
EXPERIMENTAL
Metal rods of Dy (99.9 % pure) and Zr (99.94 % pure) were used as the starting materials. Sliced pieces from each rod were heated in a He + 8 % H 2 mixed gas stream at 683 K (Dy) and 723 K (Zr) for 20 -30 h for hydrogenation. The obtained hydrides were crushed and ground in an agate mortar. The powders of DyH 2 and ZrH 2 were then heated at 1673 K for 5 h in a N 2 gas stream passed through the columns for moisture and oxygen removal.
To prepare a Dy 0.5 Zr 0.5 N solid solution, the powders of DyN and ZrN were mixed together at Dy/(Dy + Zr) atomic fraction x = 0.5. The ixtures were ground well and compacted into pellets at a pressure of 300 MPa. The pellets were heated in the N 2 gas stream at 1873 K for 15-20 h.
High-energy X-ray powder diffraction data were collected with 60 keV X-rays at BL14B1 in SPring-8, which is a bending-magnet beamline dedicated to Japan Atomic Energy Agency equipped with a double-crystal monochromator. Scattered radiation was collected with an intrinsic germanium detector. Average structural parameters were extracted by the Rietveld method with the program RIETAN-FP [12] . Local structural parameters were extracted by the PDF analysis with the program PDFgui [13] . XAFS measurements were carried out using synchrotron radiation X-ray at the beamline of BL14B1 in SPring-8, Japan. Zr K-edge spectra of ZrN and Dy 0.5 Zr 0.5 N ceramic powders as well as Zr foil were measured in transmission mode. The observed extended XAFS (EXAFS) were analyzed using the demeter softwares [14] . Since there is a fear that DyN decomposed in the atmosphere, DyN was performed only XAFS measurements.
RESULTS

XAFS measurements
Figure 1(a) shows Zr K-edge XANES of the ZrN and Dy 0.5 Zr 0.5 N ceramics powders. It is clearly visible that the absorption edge of both spectra, defined as the photon energy at a normalized absorption of 0.5, is shifted from 17904 eV for ZrN to 17906 eV for Dy 0.5 Zr 0.5 N. It is well known that shifts in the photon energy of the Zr K absorption edge relate to changes in the Zr valence state [15] . XANES spectra of Zr foil and Pb(Zr,Ti)O 3 (PZT) are also plotted in Fig. 1 Fig. 1(b) , the amplitude of EXAFS function in Dy 0.5 Zr 0.5 N is smaller than that in ZrN. The small amplitude of Dy 0.5 Zr 0.5 N indicates the disordered feature. The disorder feature is also observed in Fourier transform in Fig. 1(c) . The peaks indicated by arrows in Fig. 1(c) represent the nearest neighbor shell around Zr-N distance. Although the the nearest neighbor peaks of ZrN and Dy 0.5 Zr 0.5 N appear at similar distance, the amplitude of the radial distribution function of Dy 0.5 Zr 0.5 N is smaller than that of ZrN. The decrease of peak amplitude is more conspicuous in the higher order bond distribution owing to the inhomogeneous structure of Dy 0.5 Zr 0.5 N. However, we note that the Zr-N bond lengths cannot be directly obtained because of phase shift and the limitation of disordered systems. The Zr-N bond lengths of ZrN and Dy 0.5 Zr 0.5 N were determined as 2.29 and 2.31 Å, respectively.
Rietveld refinement
The main phase for the series of Dy 1-x Zr x N synthesized in this study corresponds to rock-salt type cubic structure. Fig. 2(a) shows a comparison of X-ray diffraction Table I . The refined composition of Dy for Dy 0.5 Zr 0.5 N was somewhat larger value than we expected. We can conclude that our ZrN through the hydride synthesis forms the rock-salt type structure as previously reported, and that Dy 0.5 Zr 0.5 N solid solution can be obtained in spite of large lattice mismatch. The refined displacement factor for Dy 0.5 Zr 0.5 N is much larger than that of ZrN owing to the broad Bragg reflections. The local displacement tends to couple with the temperature displacement factor. Further local structure analysis is needed to clarify the deviation between the local and average structures.
PDF analysis
The comparison of observed PDFs for ZrN and Dy 0.5 Zr 0.5 N with a selected r range of 1.0 Å ≤ r ≤ 10 Å is shown in Fig. 3(a) . The small PDF amplitude of Dy 0.5 Zr 0.5 N indicates the disordered feature. The positions of PDF peaks of Dy 0.5 Zr 0.5 N shift toward larger r, because of the larger lattice parameter of Dy 0.5 Zr 0.5 N. The shift of the PDF peak positions between ZrN and Dy 0.5 Zr 0.5 N is larger in the larger r distance. This shows that the local bond lengths do not follow Vegard's law. The difference of local structure (less than the unit cell) appeared mainly in the nearest neighbor peak (NN) lying at approximately 2 ~ 2.5 Å. In the Dy 0.5 Zr 0.5 N solid solution, it is clear that the first NN peak is split into a doublet corresponding to shorter Zr-N and longer Dy-N bonds. In general, the position in r of the shorter and longer peaks does not disperse significantly on traversing the solid solution series. In ZrN-DyN solid solution system, the Zr-N bond length in ZrN is slightly larger than that in Dy 0.5 Zr 0.5 N. The local structure of Dy 0.5 Zr 0.5 N is modified by the large lattice mismatch between ZrN and DyN. However, by 10 Å the structure is already behaving much more like the average structure. It is also notable that for the first NN PDF peak, the peak width is almost the same in both ZrN and Dy 0.5 Zr 0.5 N but for higher neighbors the peaks are much broader in Dy 0.5 Zr 0.5 N than ZrN.
A simplified view of the structural disorder in Dy 1-
x Zr x N type alloys can be intuitively visualized by considering simple octahedral clusters centered about N sites (the unalloyed site). This is the similar situation of , respectively. The obtained PDFs were mostly able to reproduce by using the local structure model. The refined local structure was clarified that both the Dy/Zr and N atoms shift in the opposite direction of á111ñ and á111ñ in the cubic system. The refined displacements for Zr, Dy, and N are 0.03, 0.01, and 0.12 Å, respectively. The smaller Zr atoms shift larger than Dy. The large shift of the Zr atoms changes its electronic structure, as observed in the XANES spectrum.
4. SUMMARY Structure analysis of ZrN, and Dy 0.5 Zr 0.5 N was performed by using synchrotron X-rays. The disordered feature of Dy 0.5 Zr 0.5 N is caused by the local shift of both the alloyed and unalloyed sites. Especially, the smaller Zr atoms shifted large from the average lattice point. The electronic structure of Zr is also changed by the substitution for Dy. 
